Abstract: Leaf removal is a farming practice that can affect must and grape quality; it is closely related to the meteorological conditions of the year and the climate of the area. The present study aims to analyse the effects of different types of defoliation, all conducted at veraison and removing 5-6 basal leaves. The trial provided four tests: leaf removal only on the east side, only on the west side, total defoliation (both sides), and a non-defoliated treatment (control test). Two different cultivars, the Sangiovese and the Cabernet Sauvignon, were studied in five different Italian environments: Puegnago (BS), Scansano (GR), Bolgheri (LI), Brisighella (RA), and Montefalco (PG). The trial was repeated four times, once per year for the successive years 2007, 2008, 2009, and 2010. The years differed mainly with regard to the total rainfall; because of the variability of the years, different results, both for the same cultivar and between the cultivars, were observed. The differences existing between these two varieties and among the different environments led to different reactions to defoliation, especially concerning the analytical parameters of musts and grapes.
Introduction
The farming practice of defoliation can have multiple effects on plant physiology, in fact, it can lead to important changes in the microclimate around the bunches [1] , with implications for grape health and quality [2, 3] . The partial removal of the canopy can also cause variations in photosynthetic efficiency, even if, working along the bunch zone, older leaves that are less photosynthetically active are removed [4] . It is well known that the effects resulting from this practice may determine the period of technological maturity of the grapes [5] and the polyphenolic content of skins and seeds [6] , even if there is not a unique evaluation, especially with regard to the effects on polyphenolic content. Before choosing this kind of practice, a preliminary environmental survey is necessary, in The summary sketch of the climatic features of the 5 selected sites is based on the Pinna classification criteria [9] that follow the Koeppen approach [10, 11] . a) Puegnago sul Garda (BS) shows a temperate, subcontinental climate with a yearly mean temperature of 12.4 °C and a yearly mean precipitation of 880 mm/y. The precipitation regime is characterised by two maxima (May and October) and two minima (the main in winter and the secondary in summer). The proximity to the main pre-alpine lake (Garda Lake) gives rise to an effective mitigation of the continentality typical of the Po River Plain. The vineyards considered for data collection (Sangiovese and Cabernet Sauvignon) belong to "Azienda Agricola San Giovanni" (240 m asl.). In both vineyards, the applied training system is a cordon system, planted 0.9 m on the row with a grass-covered distance of 2.5 m between rows. b) In Scansano (GR), the Mediterranean effect is attenuated by the distance from the sea and the relief. The climate of this location is classified as temperate sublitoranean, with a yearly mean temperature of 14.2 °C and a mean total precipitation of 793 mm. The precipitation regime presents two maxima in spring and autumn, respectively, and a main minimum in summer. The vineyard (Sangiovese) is located in "Azienda Poderi di Ghiaccioforte" (172 m asl.). In this vineyard, the applied training system is a cordon system, planted 0.8 m on the row with a grass-covered distance of 2,4 between rows. c) Bolgheri (LI) has a warm temperate climate with a yearly mean temperature of 14.8 °C and a yearly mean precipitation of 740 mm. The precipitation regime presents two maxima in spring and autumn, respectively, and a rather pronounced summer minimum with significant drought conditions that are a clear symptom of mediterraneity. The vineyard (Cabernet Sauvignon) is located in "Azienda Tenuta Caccia al Piano" (40 m asl). In this vineyard, the applied training system is a bilateral cordon system, planted 0.75 m on the row with 1.3 m of tilled soil between rows. d) Brisighella (RA) shows a temperate sublitoranean climate, with a yearly mean temperature of 14.0 °C and a yearly mean precipitation of 822 mm. The precipitaton regime shows two maxima in spring and autumn, respectively, and a main minimum that drops in summer. The vineyards studied (Sangiovese and Cabernet Sauvignon) belong to "Azienda F.lli Ronchi" (115 m asl.). In both vineyards, the applied training system is a cordon system, planted 1 m on the row with a grass-covered distance of 3.5 m between rows. e) The climate of Montefalco (PG) is classified as temperate sublitoranean with a yearly mean temperature of 14.3 °C and a yearly mean precipitation of 822 mm. The precipitation regime presents two maxima in spring and autumn, respectively, and the main minimum in summer. The vineyards (Sangiovese and Cabernet Sauvingon) are located in "Azienda Agricola Arnaldo Caprai" (220 m asl.). In this vineyard, the applied training system is a cordon system, planted 0.75 m on the row with a grass-covered distance of 2.2 m between rows.
Meteorological data was derived from stations located in different places: Puegnago (Puegnago weather station, data provided from "Centro Vitivinicolo di Brescia", altitude 142 m asl., 50°48′35″N, 16°19′45″E); Scansano (Magliano weather station, data provided from "Arsia Toscana", Colle del Lupo, altitude 190 m asl., 42°61′52″N, 11°32′58″E); Bolgheri (Donoratico weather station, data provided from "Arsia Toscana", altitude 15 m asl., 43°22′36″N, 47°59′58″E); Brisighella (Monte Lodolone weather station, data provided from "ARPA Cesena", altitude 250 m asl., 44°11′43″N, 11°52′26″E); and Montefalco (Azienda Agricola Arnaldo Caprai weather station, altitude 231 m asl., 42°55′91″N, 12°38′72″E).
Methods
The trial was carried out during four consecutive years (2007 through 2010) in all environments with the exception of Puegnago, where the trial was not conducted for the year 2010. In that year, according to the plan, the tests were conducted at veraison, but at harvest it was impossible to collect data because of phytosanitary problems. Four tests were set for both cultivars: leaf removal only on the east side (L.R. East), only on the west side (L.R. West), total defoliation (both sides: L.R. Tot), and non-defoliated treatment (NO L.R.: control test). This experimental plan was chosen because of the North-South orientation of the rows in all the vineyards. Moreover, in this way, it was quite easy for the wineries to implement the plan. The defoliation was performed at veraison (about 10% of coloured berries at the beginning of veraison) on plots of 30 plants per test, of which afterwards 10 were chosen for the data collection, which involved measuring and calculating the number of shoots per vine, the number of bunches per vine, the yield per vine (kg), the average bunch weight (g), the potential fertility, and analytical parameters such as sugar content (°Brix), titratable acidity (g/L), and pH. The content in extractable polyphenols and anthocyanins was also analysed for each test [12] in conjunction with the measure of the average berry weight (g).
Data Analysis
Data obtained from agronomical surveys such as yield per vine (kg), average bunch weight (g), potential fertility and berry weight (g), as well as those from analytical analysis (sugar content, titratable acidity, and pH), were processed using the SPSS software. In particular, the statistical analysis provided for the use of ANOVA and Duncan tests to identify the real differences between tests.
Polyphenolic and anthocyanic data were not statistically processed, because the method used [12] does not provide sufficient repetitions. In this case, differences between the averages of treatments and vintages were discussed.
Results and Discussion

Year and Environmental Weather Characterization
In general, the four years under consideration With regard to annual average temperatures, there were no significant differences among the places, whereas, the weather stations at both Magliano and Donoratico showed higher temperatures than the others for the growing seasons of 2009 and 2010. The Magliano weather station recorded higher annual minimum temperatures, even if this difference tended to vanish, considering only the growing season.
General Results Obtained for Sangiovese
First taking into account the average results obtained in the five places during the four years of observation, vegetation and production did not show significant differences either in fertility potential or yield per plant (data not shown); therefore, leaf removal does not seem to have influenced these parameters, whereas there are significant differences for the average bunch weight. The control test presented an average bunch weight significantly higher than the east-side leaf removal test. This difference is not associated with a different average berry weight, a parameter for which the differences were not significant among the tests (Fig. 2) . Defoliation, especially if carried out on the east side, seems to have led to a lower average bunch weight because of fewer berries per cluster. This particular behaviour reinforces previous studies that have shown that grapevines, subjected to stress caused by previous leaf removal, could present some repercussions the following year on vegetative growth, which may lead to the formation of a limited inflorescence number per shoot and a lower flower number per inflorescence [13] . With regard to the analytical parameters, differences were recorded in sugar content at harvest; however, pH and acidity did not show valid statistical differences. The east-side leaf removal showed a higher sugar content (24.1 °Brix). This particular behaviour could not be explained by a lower average berry weight. In fact, this parameter, as shown before, did not present differences between tests, while the good sugar concentration observed for the east-side defoliation treatment can be related to the combination of the lower average bunch weight and the low level of alteration of the photosynthetic activity of the plant. Other studies [14] have shown how defoliation can not affect the photosynthetic activity if the leaf removal level allows the plant to maintain the necessary level of photosynthetically active leaves. In this sense, the defoliation on the east side creates the best microclimate at the canopy level, maintaining a quota of basal leaves, but ameliorating the exposure of the grapes.
Considering extractable polyphenols and anthocyanins in general, the defoliation showed, for this cultivar, higher anthocyanin contents than the control test, in accordance with previous studies that showed how defoliation tended to increase anthocyanic concentration [15] [16] [17] .
Annual Behaviour of Sangiovese
There were no significant differences in terms of potential fertility, whereas the average yield per plant showed interesting results with respect to the average bunch weight. In 2008 and 2009, the control test was more productive and recorded a higher average bunch weight (Fig. 3) . This fact, as explained before, is probably due to a higher number of flowers per inflorescence, because there were no differences in average berry weight.
In 2007 and 2010, this behaviour was not observed. In the first case (the first year of the trial), the vines were not affected by the treatment applied in the previous year, whereas in 2010, the particularly rainy conditions could have affected the result. With regard to the must quality, the sugar content did not differ significantly in the years 2009 and 2010, whereas in 2007 and 2008, defoliation showed higher values. This discontinuous behaviour between years emphasizes the relationship between defoliation and climatic conditions of the year [7, 8] which obliges a rational choice of the type of intervention variable from year to year.
In general, the pH and titratable acidity did not record valid differences (data not shown). Also the polyphenolic content did not differ significantly among the tests, whereas, higher anthocyanin content was observed in the defoliated tests compared to the control test, as shown in the evaluation of data from the average of the years.
Sangiovese Behaviour in Different Environments
Considering the results obtained in different places within the four years of observation (three in Puegnago), no significant differences were observed in the average berry weight, although the control showed a berry weight higher than or equal to the other tests (data not shown). In Puegnago and Scansano, this test also presented the highest average bunch weight. In the Scansano vineyard, this test recorded significantly higher production and a higher average bunch weight compared to defoliated tests (2.8 kg and 278 g, compared to 2.5 kg and 250 g, on average). In the vineyards of Montefalco and Brisighella, there were no significant differences in either the average weight of the bunch or the yield per plant.
The grape sugar content did not register significant differences in the vineyards of Montefalco and Scansano, whereas in Brisighella and Puegnago, the east-side leaf removal showed significantly higher values (P ≤ 0.05). The significant difference observed in the average of the years is then mainly caused by the results obtained from these two sites which emphasize the better performance of east-side leaf defoliation in sugar accumulation.
Defoliation did not show significant results with regard to the acidity level, except for Brisighella, where the highest acidity was recorded for the control test, in agreement with what other authors observed. There was a lower activity of enzymes responsible for the degradation in acidity in vines that were not defoliated [2, 18] . Concerning the pH, there were no interesting differences, whereas, the extractable anthocyanin content showed higher values for the total defoliated test (Puegnago, Montefalco, and Scansano). In the Brisighella vineyard, the highest content for this parameter was observed for the east-side leaf removal (data not shown). The positive influence of defoliation on the anthocyanic content seems, therefore, to be confirmed by the results obtained at all of the four sites under observation.
General Results Obtained for Cabernet Sauvignon
For this cultivar, there were no significant differences regarding the vegetative-productive parameters, in terms of potential fertility or for average bunch and berry weight. This behaviour could be associated with the characteristics of this cultivar, which presents a thick and consistent skin [19] that leads to less sensitivity to the effects of solar radiation. From this point of view, this cultivar may be more flexible to these kinds of farming practices, showing qualitative effects without changes in the yield level.
The sugar content and pH in the musts at harvest showed higher values for the total defoliated test (24.4 °Brix and pH 3.6); this further strengthens the relationship between defoliation and increases in sugar concentration observed for the previous cultivar, while the increases of pH level could be related to the decrease in the acidity level already observed in the defoliation experimental trial [20] . The east-side leaf removal and the control test recorded lower pH and higher acidity (Fig. 4) . The different behaviour showed by the east-side defoliation compared to other defoliation, in terms of pH and acidity of musts, can be related to the different levels of irradiation as described in previous studies [21] .
With regard to the anthocyanin and polyphenol contents, the non-defoliated treatment seems to result in better performances (Fig. 5) . This result seems in contrast to data obtained from the cultivar Sangiovese, emphasizing again the differences between these two cultivars, particularly in terms of skin thickness.
Annual Behaviour of Cabernet Sauvignon
There were no significant differences in yield per plant or for average bunch weight, in accordance with the previous observation made for the annual average. Regarding the analytical parameters on musts at vintage, the behaviour of sugar content observed for the average of the years was mainly determined by the significance recorded in 2007, in which the total defoliated test showed the highest level (data not shown); this year led to greater differences, probably in relation to its particularly low rainfall level. The control test and the east-side defoliation showed similar behaviour observed for the annual average. In fact, they exhibited higher acidity levels (this difference is only significant for 2007 and 2010) and lower pH levels than the other ones (data not shown); a lower temperature inside the canopy leads to a greater preservation of the acidity level, as shown in previous studies [22] .
Regarding the content of anthocyanins, the behaviour changed from year to year, whereas the value of total extractable polyphenol was in general higher for the test without leaf removal (data not shown).
Cabernet Sauvignon Behaviour in Different Environments
With regard to the potential fertility, there were no significant differences, whereas the control test recorded higher yield per vine compared to the total defoliated test, although significant values were observed only for Brisighella and Montefalco. These sites showed also the highest average bunch weight for the non-defoliated test, even though the berry weight is similar to the others. For this parameter the Cabernet Sauvignon grown in Brisighella and Montefalco seems therefore more similar to the Sangiovese cultivated in Puegnago and Scansano.
The behaviour of the sugar content and the concentration of extractable polyphenols and anthocyanins were similar for Bolgheri and Brisighella; in both places in fact the control test showed the highest contents for all the three parameters, with statistical significance observed for the concentration of sugar (data not shown). Conversely, Montefalco and Puegnago showed lower sugar content in the control test that recorded, together with the east-side leaf removal, the highest acidic level at all places apart from Bolgheri, where east and west-side defoliation had higher values (Fig. 6 ).
Conclusions
In conclusion, important differences were observed between Cabernet Sauvignon and Sangiovese; in fact, the second cultivar seems to have been positively affected by the east-side defoliation regarding its sugar content, whereas the leaf removal showed in general better performances on anthocyanin and polyphenol content. For Cabernet Sauvignon, the control test had in general recorded better results with regard to the good maintenance of anthocyanin concentration. The close relationship among this agronomic practice, the weather, and the environment has been also revealed; in fact, the case of Sangiovese showed how a very rainy vintage such as in 2010 minimised differences among the tests, in particular with regard to the analytical parameters such as sugar content, polyphenols, and anthocyanins, whereas different locations such as Brisighella and Scansano showed different results for all analytical parameters. A hot and dry vintage such as in 2007 allowed the Cabernet Sauvignon to better appreciate the leaf removal effects and the benefits determined by the total defoliation regarding the must sugar content. For this cultivar, places such as Brisighella and Bolgheri showed better results for the non-defoliated test, whereas in Montefalco and Puegnago the entire leaf removal test registered the highest sugar level.
